The influence of cluster thickness and its position on the damage evolution of open-hole composite laminates, subjected to uniaxial in-plane tensile loads, is studied in this work. The Discrete Damage Mechanics model of Barbero-Cortes augmented by a fiber damage criterion is employed. Several stacking sequences with clusters in different positions and thicknesses inside the laminate are analyzed. The influence of cluster thickness and its location on: the crack-density evolution, applied load, longitudinal stress and its contour plots is studied for all the stacking sequences selected.
Introduction
Many composite structures, such as aircraft frames, contain thousands of holes for joining purposes and open cut-outs for access. An open hole on a composite structure produces a stress gradient that increases the stress field in its proximity. Laminate damage usually appears at points of stress concentration. The strength, the stiffness and the service life of a notched structure, suffer a considerable reduction compared with the un-notched structure. Hence, the study of the influence of a hole on composite structures is an important task for a successful design.
The estimation of open-hole laminate strength is a very complicated problem, even under simple load cases [1] , due to the interaction of various modes of damage, such as matrix cracking, delamination, and fiber failure, which produce a loss of load carrying capacity and/or loss of integrity if they appear simultaneously. This strength is dependent on a number of variables such as material properties, specimen size, hole diameter, stacking sequence, laminate lay-up, etc.
Generally, it is established that the strength decreases with increasing size of specimens with constant width-to-diameter ratio [2] . Recent studies shed new light into damage mechanics behind the size effect. Camanho et al. [3] carried out an experimental program to validate a damage model. From experimental results they observed that, an increase in the hole diameter of specimens with constant width/diameter, results in strength reduction. This effect was caused by the development of a fracture process zone. For small specimens, this zone extended towards the edges of the specimen and the average stress at the fracture plane tends to the un-notched strength of the laminate. Erçin et al. [4] compare the size effect of notched composite laminates loaded under tension and compression. Also, they identified the failure mechanism sequence on the outer ply of the composite laminate.
The effect of using different stacking sequences in open-hole laminates is reflected by a modification in the strength and the failure modes of them. Usually, the most commonly used laminates lay-ups are a combination of 0º, 90º or 45º angles. Since ply thickness of pre-preg is constant, when a thicker laminate is needed, it is expedient to cluster multiple plies with the same orientation (called ply-level scaling). Although this option could be advantageous due to its simplicity and readiness, it may be inefficient in terms of structural behavior [5] . The use of clusters of plies in a laminate increases the effective thickness of each ply-orientation. Another option to increase the thickness of the laminate is to increase the number of sublaminates with the same laminate stacking sequence (LSS) as the original laminate. Increasing the thickness of a laminate by adding sublaminates is called "sublaminate level scaling", whereas increasing the thickness of the laminates by clustering is called "ply-level scaling" or "clustering".
Harris and Morris [6] suggested that the open-hole strength decreases with number of sublaminates in quasi-isotropic lay-ups. The higher the number of sublaminates, the more confined is the damage to a zone close to the surface of the laminate, and thus less stress redistribution appears in the laminate. Furthermore, Vaidya et al. [7] analyzed notch strength behavior of cross-ply and quasi-isotropic laminates as a function of ply thickness resulting from clustering. They found that, as far as notch strength is concerned, ply thickness has more effect on cross-ply laminates than quasi-isotropic laminates.
Green et al. [8] studied the effect of laminate thickness, ply thickness, and hole diameter on the open-hole tensile strength of quasi-isotropic composite laminates. For both cases, sublaminate level scaling and ply-level scaling, the strength decreased as laminate thickness and hole diameter increased. By keeping the thickness constant and increasing the hole diameter, they found two different trends. For sublaminate level scaling, the strength decreased as hole diameter increased, whereas for specimens with clustering, the strength increased as hole diameter increased.
Since the stacking sequence, both at the ply-level and laminate level, modify the initiation and evolution of several damage mechanisms, it is relevant to analyze each damage mode in an isolated way. This fact can be studied, at least approximately, in some stacking sequences, such as cross-ply laminates [1] .
To predict the global response of laminates containing holes, several methodologies, including analytical models such as the Whitney-Nuismer model, Continuum Damage Mechanics (CDM), and Stress Failure Criteria have been used [2] [3] [9] [10] [11] [12] [13] [14] [15] [16] [17] . In [18] a thorough review of constitutive models for damage on composites can be found. An alternative to these methodologies is the Discrete Damage Mechanics (DDM). DDM can predict the appearance of the first crack, evolution of crack density, and redistribution of stresses in the laminate due to degradation of mechanical properties of the cracked lamina. Among the models based on DDM ( [1, [19] [20] [21] [22] [23] [24] [25] [26] ), [22] is selected in this work because of its balance of simplicity and accuracy.
Its simplicity is related to the fact that DDM is based on an analytical solution assuming periodicity and Griffith's criterion for fracture. It uses only two parameters, the critical energy release rates (ERR) in mode I and II (GIC, GIIC) to predict both initiation and evolution of matrix damage due to both shear and transverse stress. The fiber damage part of the model uses the longitudinal tensile strength of the lamina F1T and the Weibull modulus m of the fiber. When used in finite element analysis (FEA), DDM is an inherently objective constitutive model, i.e., its response is independent of mesh density [27] . Although DDM's simplicity implies some limitations, it has been validated extensively with experimental data from many sources, for several materials and a multitude of laminate stacking sequences (LSS) [22, [28] [29] [30] [31] [32] [33] [34] [35] . DDM has been able to predict crack density, as well as reduction of modulus, Poisson's ratio, and coefficient of thermal expansion (CTE) as a function of applied strain or stress, and crack density, quite accurately. It has also being able to predict the ultimate load of open-hole specimens [27, 33] .
In this work, a study of the effect of ply-clustering in the matrix damage evolution is carried out. Several cross-ply stacking sequences with different cluster thicknesses and cluster locations are modeled. Crack density, applied load-displacement, and notched strength of the laminate are reported.
Numerical model
In this work the DDM model of Barbero-Cortes is used to analyze the evolution of matrix cracking. A detailed description of this model is included in [22] and [31] . A fiber damage model is added to estimate the transition to fiber failure that precedes ultimate fracture of the laminate and is described in [27] and [33] . The numerical model is implemented in Abaqus/Standard by programming a user subroutine UGENS (User General Section). In a previous work [33] , the new formulation of the DDM model was extensively validated for laminates with and without holes, with several materials and configurations. Nine laminate lay-ups, with six different fibers (T300, T700, AS4, IM7, CCF300, and HTA) and nine matrices (1034C, 3502, 3501-6, APC2, 8552, 8911, 5228, 5428, and 6376-C), and seven plate geometries, were analyzed. Good correlation was found in both the failure load and the curve force-displacement.
A square plate of a x b = 15.24 x 15.24 mm 2 with an open centered circular hole of 3.18 mm diameter made from a carbon fiber reinforced epoxy laminate (T300/1034-C) was modelled, Fig.1 . The plate is subjected to an in-plane tensile load applied in the direction of the 0º plies. Laminates with several stacking sequences were analyzed. The mechanical properties of the material are taken from the literature [11, 14, 34] and are shown in Table  1 .
The plate is discretized with a total of 2464 four-node shell elements (S4), as shown in Fig.1 . The size of the elements is smaller close to the hole, to take into account the stress concentration. As it is demonstrated in an authors' previous work [27] , the DDM model is mesh-independent. In that work, several mesh size were analyzed, and no influence of the mesh refinement on the global response and the crack-density evolution of the plate was observed.
The plate is fully assigned a low value of crack density (0.02 mm -1 ) to seed the model for possible damage initiation. The load is applied in the horizontal direction by increasing the displacement in opposite direction at the edges of the plate, Fig.1 . No quarter-plate mesh is used to allow the future study of stacking sequences with orientations different to 0º and 90º. The vertical displacement on the nodes located at the lower corners of the plate is restricted.
Results
To analyze the influence of cluster thickness and its location several stacking sequences were selected; first each effect (thickness and location) is studied separately and then they are studied together. Crack-density evolution and longitudinal stress evolution as a function of applied strain are studied around the edge of the hole. Also, loaddisplacement/strain curves are reported. Additionally, contour plots of crack density and longitudinal stress are calculated for an applied load equal to the ultimate strength.
Influence of cluster thickness
To analyze the influence of the number of plies in a cluster (cluster thickness) the following pair of laminates has been studied. All of them contain 90º clusters with different numbers of plies located in the interior of the lay-up. Crack-density evolution on 90º plies at the edge of the hole in all the laminates studied presents two different ranges as shown in Fig. 2a . First, crack density grows suddenly after crack initiation. After that, the curve displays a quasi-linear behavior until the applied load is close to the ultimate strength. Nevertheless, significant differences on the crack-density evolution, at the node situated at the edge of the hole, are observed between the three clusters. As the clustering of plies at 90º increases, damage starts at a lower applied displacement (as expected) and its growth rate is slower. Namely, the slope of the crack-density curve decreases as the clustering at 90º is thicker (slope of 20 plies at 90º > 10 plies at 90º > 5 plies at 90º). Also, from an applied strain of 0.25% (see top axis in Fig.  2a) , the crack density for the thickest cluster is the lowest of the three clusters.
As far as the global response of the laminate is concerned, the applied force-displacement plot for both laminates is represented in Fig. 2b an increment in the number of plies inside the cluster reduces the ultimate strength. This is consistent with practical experience that indicates that thicker laminates are not desirable [36] . Therefore, the global stiffness and ultimate strength of laminates with the same number of plies but with different stacking sequences differs. In contrast, classical laminate theory (CLT) predicts that these values are the same for both studied laminates, since in CLT there is no dependence of stacking sequence on the in-plane behavior of a laminate. This result shows the importance of studying the clustering of plies with the same orientation.
The longitudinal stress on 0º plies is represented in Fig. 2c . Both laminates show the same behavior up to 0.1140% applied strain. From this point forward, the longitudinal stress in the [02/9010]S laminate is higher than in the [0/905]2S laminate. In both cases, the maximum longitudinal stress is the fiber failure strength F1T.
Contour plots are shown in Fig. 3 immediately before laminate failure. The loading direction is horizontal in the figure.
The crack density on the 90º plies is maximum at the edge of the hole (Fig.3a) . The matrix damage is concentrated around this area and evolves perpendicular to the direction of the load application with a peanut shape. Little matrix damage in the 0º plies is observed for any applied load (Fig.3b) .
The area where the maximum crack density on 90º plies is reached, is also the area where the longitudinal stress on 0º plies is maximum (Fig. 3c) due to stress re-distribution. When matrix damage grows, the stiffness decreases and a redistribution of the stress to the sides of the plate is produced. The lowest stress is found at the edge of the hole in the direction of the load application.
The longitudinal stress on 90º plies (Fig. 3d) grows perpendicular to the direction of the load application from the edge of the hole to the edge of the plate, and also around the edge of the plate in the direction of the load application. The maximum value of the stress is localized symmetrically at both sides of the edge of the hole in perpendicular direction to the load application (Fig. 3d) .
As the number of 90º plies in the cluster decreases (from left to right), the peak crackdensity value on 90º plies around the edge of the hole increases (Fig. 3a) . However, its evolution is slower, as it is shown by smaller damage area.
For the [02/9010]S laminate, as the cluster of 0º plies (2 plies) is thicker than for [0/905]2S laminate (1 ply), the crack-density evolution on 0º plies at the edge of the hole is more noticeable.
The contour plots of longitudinal stress on 0º plies are presented in Fig. 3c . In this case the differences between [02/9010]S and [0/905]2S are minor.
In Fig. 3d, for 
Influence of cluster location
To analyze the influence of the cluster position, the following laminates were studied. The crack-density evolution at the edge of the hole in each cluster of [907/0]2S laminate shows the same ranges as those described in Section 3.1: a threshold for the initial growth of the crack density followed by a quasi-linear region. Although the internal and external 90º clusters have the same numbers plies, the values of crack-density threshold and rate of crack-density growth are different. Therefore, for this laminate, cluster position is a determinant factor on crack-density evolution.
The threshold applied strain for crack initiation is lower (0.14%) for the external cluster than for the internal cluster (0.2%). The slope in the quasi-linear region of Fig. 4 is 39% lower for the external cluster than for the internal cluster.
Since all clusters in [0/907/0]2S are internal, they show the same behavior (Fig. 5) , similar to that of the cluster in the [907/0]2S laminate. In this laminate, all clusters present the same behavior regardless of position. Therefore, the position of the cluster is relevant only if the cluster is located on the surface of the laminate Contour plots are shown in Fig. 6 and 7 for the applied load that produces the maximum crack density in 90º plies, which corresponds to laminate failure.
The crack density on the 90º plies is maximum at the edge of the hole (Fig. 6a) . Damage is concentrated around this area and evolves perpendicular to the load direction with a peanut shape. The load direction is horizontal in this figure.
The crack density contour plots shown in Fig. 7 are exactly the same for both internal and external cluster of [0/907/0]2S laminate. Incidentally, this explains the behavior shown in Fig. 5 , with both, internal and external clusters behaving identically.
Coupled effect of thickness and position of the cluster
Three families (E, F, and G) of laminates are studied in this section. Each family has several pairs of laminates, each characterized by the number of plies "i" in the clusters. Laminates with the same plies but inversely stacked were studied. Inverse stacking sequences have the same number of plies, orientations, and thicknesses, but mirrored ordering (for example, [0/904]S and [904/0]S). In all pairs of laminates analyzed, one contains a cluster in the symmetry plane (internal cluster) with "2i" 90º plies, and the other has two clusters on the surface of the laminate (external clusters) that contains "i" 90º plies.
The evolution of crack density, applied load, and longitudinal stress with respect to the applied displacement (or applied strain), is identical for both laminates of each pair. This result can be explained as follows. The ERR of each case depends on two things: the thickness of the 90º cluster (composed of "i" plies) and whether the 90º cluster is located on the surface or not. Since a crack on the surface is not constrained (Fig. 8a) , the ERR of a surface crack is the same as that of an interior crack with twice the thickness (Fig.  8b) . For all cases, the center 90º cluster is twice as thick as the outside 90º cluster. Therefore, the behavior of each pair of laminates is identical.
Since all laminates display similar behavior, only the results for the [0/904]S stacking sequences and their inverse [904/0]S are shown in Fig. 9 . The crack-density evolution in Fig.9 follows the same trends previously explained in Section 3.1.
When the 90º plies reach damage initiation (0.18% strain, Fig. 9a ), load is transferred to the 0º plies, which can be seen as a change of slope in Fig. 9c (also at 0.18% strain). After that, the longitudinal stress on 0º plies grows until the fiber tensile strength is reached (1730 MPa), as shown in Fig. 9c .
The applied load-displacement curve of the [0/904]S laminate and its inverse stacking sequence are shown in Fig. 9b . A linear behavior until failure is observed. No significant change of laminate stiffness is observed due to the increment of damage. That is, laminate stiffness is dominated by the 0 o plies. For this reason, it is virtually impossible to identify damage of carbon/epoxy laminates using experimental values of laminate stiffness vs. applied load or strain. The observed change is just too small for the precision of the instrumentation [37] .
In Fig. 10 , contour plots of crack density in 90º ply, and longitudinal stress in 0º and 90º plies are shown for an applied load where it is reached the ultimate strength (for a displacement of approx. 0.03 mm) for [0/904]S. The same contour plots are observed for a laminate and its inverse stacking sequences; and the same behavior is found in all the cases studied. The contour plots for the longitudinal stress on 90º plies present the same shape and evolution as the one described in section 3.1.
Conclusions
In this work, several laminates with cluster of plies in different positions and different thicknesses are analyzed using the modified DDM model, which predicts damage localization and stress concentration. As expected, the maximum values of stresses are reached at the edge of the hole, perpendicular to the load direction. The lowest values are registered near the edge of the hole, along the centerline of the plate. The model predicts the behavior of surface cracks, cracks in constrained clusters, as well as the effect of cluster ply thickness.
Several differences are observed between laminates with the same number of plies but clustered differently. Laminates with higher number of 90º plies in a cluster yield lower ultimate strength. Additionally, damage starts for a lower applied load, and the extension of the damage area is larger.
Laminates with clusters of 90º plies with the same number of plies (same thickness) but in different position behave equally when the cluster is located in the interior of the laminate. The matrix cracking evolution is slower in clusters on the surface than clusters in the interior of the laminate, having both of them the same number of plies. Thus, cluster position is an important factor for crack-density evolution.
Laminates with inverse stacking sequences (in one of the laminates there is a cluster in the interior with double thickness and in the other laminate there is a cluster in the surface with half thickness), present no differences in terms of crack-density evolution, longitudinal stress evolution, applied load-displacement curve, and ultimate strength. This behavior is due to the relationship between the thicknesses and the position of the plies. Table 1 . Mechanical properties of T300/1034-C [11, 14, 32] .
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